Sr2RuO4 has long been the focus of intense research interest because of conjectures that it is a correlated topological superconductor. It is the momentum space (k-space) structure of the superconducting energy gap Δ ( ) on each band i that encodes its unknown superconducting order-parameter. But, because the energy scales are so low, it has never been possible to directly measure the Δ ( ) of Sr2RuO4. Here we implement Bogoliubov quasiparticle interference (BQPI) imaging, a technique capable of high-precision measurement of multiband Δ ( ). At T=90 mK we visualize a set of Bogoliubov scattering interference wavevectors q : = 1 − 5 consistent with eight gap nodes/minima, that are all closely aligned to the (±1, ±1) crystal-lattice directions on both the α-and β-bands. Taking these observations in combination with other very recent advances in directional thermal conductivity (E. Hassinger et al. Phys. Rev. X 7, 011032 (2017)), temperature dependent Knight shift (A. Pustogow et al. Nature 574, 72 (2019)), time-reversal symmetry conservation (S. Kashiwaya et al. arXiv:1907.030939) and theory (A.T. Romer et al. arxiv:1905.04782; H. S. Roising et al. Phys. Rev. Research 1, 033108 (2019)), the BQPI signature of Sr2RuO4 appears most consistent with Δ ( ) having ( ) symmetry.
Determining the structure and symmetry of the superconducting energy gaps Δ ( ) for Sr2RuO4 has been a longstanding objective [1] [2] [3] [4] , but one upon which radically new perspectives have emerged recently. The linearity with temperature of electronic specific heat capacity at lowest temperatures 5 , the temperature dependence of London penetration depth 6 , the attenuation rate of ultrasound 7 and field-oriented specific heat measurements 8 have long implied the existence of nodes (or profound minima) somewhere in Δ ( ). But recent thermal conductivity measurements further indicate that these nodes/minima are oriented parallel to the crystal c-axis 9 . Moreover, in-plane 17 O nuclear magnetic resonance reveals a very substantial drop of the Knight shift 10 below Tc. And no cusp occurs in the superconducting critical temperature under uniaxial strain 11, 12 . Finally, current-field inversion experiments using Josephson tunnel junctions indicate that time reversal symmetry (TRS) is preserved 13 . This phenomenology is in sharp contradistinction to the Sr2RuO4 ancien regime, under which 17 O Knight shift 14 and spin-polarized neutron scattering 15 reported no diminution in spin susceptibility below Tc, and where muon spin rotation 16 and Kerr effect 17 indicated TRS breaking. Therefore, an extensive reassessment of the theory of Sr2RuO4 superconductivity has quickly materialized 18, 19 .
Although the crystal is isostructural with the d-wave high temperature superconductor La2CuO4 (Fig. 1A) , for Sr2RuO4 the Fermi surface (FS) consists of three sheets 20,21, (Fig. 1b) . Hybridization between the two quasi-one-dimensional (1D) bands that originate from the Ru and orbitals, leads to the electron-like β-band surrounding the -point (red) and hole-like -band surrounding the X point (blue); similarly, the Ru orbitals generate the electron-like, quasi-twodimensional (2D) γ-band surrounding the -point (green). Correctly representing the electron-electron interactions is then a complex challenge. On-site and inter-site Coulomb interactions are pervasive, Hund's coupling between the Ru -orbitals generates orbital selective phenomena rendering the γ-band band significantly more correlated than the -bands 22 , 23 , and spin-orbit coupling plays a significant role throughout 22, 22 . Contemporary theories 18, 19, 24, 25 consider various combinations of these interactions to achieve their predictions for Δ ( ). By diagonalizing the Hamiltonian for each model, and then quantifying the eigenvalues of the linearized superconducting energy-gap equation associated with each irreducible representation of the D4h point group, the symmetry of the predominant Δ ( ) is determined 18, 19, 24, 25 . Weak-coupling analyses 24, 25 of Hamiltonians parameterized by the ration =J/U (U and J are the on-site Coulomb and Hund's interaction energies)
find that the preferred order parameters exhibit (chiral − wave) symmetry with ( ) symmetry as a subdominant solution 24 ; and (chiral − wave) or (helical − wave) symmetry but with ( ) symmetry also as a subdominant solution 25 . More recent theories parameterized by both =J/U and spin-orbit coupling, find that the order parameters filling large (but different) portions of the  phase space exhibit ( ) symmetry and (helical − wave) symmetry 18, 19 . These studies also show that the field-in-plane Knight shift does not discriminate strongly between Δ ( ) having (even − parity) or (odd − parity) order parameters 18, 19 . Obviously, what could discriminate between all these different order parameter symmetries is the fully detailed structure of Δ ( ), as shown e.g. in Figure 2 However, although critical to testing advanced theories 18, 19, 24, 25 for superconductivity in Sr2RuO4, the k-space structure of Δ ( ); Δ ( ); Δ ( ) has never been measured directly. Basically, this is because the maximum magnitude of any of these gaps 26, 27 is |Δ| ≤ 350 so that temperature ≲ 100 and energy resolution with ≲ 100 are required to spectroscopically detect strongly anisotropic k-space gap structures and/or their gap minima. Thus, techniques capable of band-resolved, high resolution superconducting Δ( ) determination, and specifically of distinguishing the orientation of any gap minima on different bands, are required. Bogoliubov quasiparticle interference imaging [28] [29] [30] [31] [32] [33] [34] has been proposed 35, 36, 37 to achieve these objectives for Sr2RuO4, as it has the proven capability of measuring extremely anisotropic [29] [30] [31] [32] [33] [34] , multiband 31, 32, 34 superconducting energy gaps with energy resolution 32, 34 ≲ 75 . Intuitively, this is possible because, when a highly anisotropic Δ opens on a given band, Bogoliubov quasiparticles | ( )⟩ exist in the energy range Δ <E<Δ . Within this range, interference of impurity-scattered quasiparticles produces characteristic real space (r-space) modulations in the density of electronic states 28, 35, 36, 37 ( , ). The Bogoliubov quasiparticle dispersion ( ) then exhibits closed constant-energycontours (CEC) surrounding Fermi surface k-points where minima in Δ occur.
These k-space locations can be determined because ( , ) modulations occur at the set of wavevectors ( ) connecting them. These ( ) are identified from maxima in ( , ), the power spectral density Fourier transform of ( , ).
For Sr2RuO4, BQPI signatures of different types of gap structures, for example Δ ( ); Δ ( ), may be anticipated by using a pedagogical Hamiltonian
and ϵ ( ), ϵ ( ) are the band dispersion for the α:-bands 35, 36, 37 . The unperturbed
Green's function is ( , ϵ) = (ϵ + δ) − ( ) where I is identity matrix and δ is the energy width broadening parameter. Both interband and intraband scattering could be considered using a T-matrix for all scattering processes as: 
(SI Section I). For example, Fig. 1c represents BQPI for an anisotropic energy gap Δ ( ) on the -band, while Fig. 1d represents a BQPI model with anisotropic energy gaps Δ ( ); Δ ( ) on the α:-bands. The experimental challenge is to visualize Bogoliubov scattering interference in Sr2RuO4 and, through comparison with δ ( , ) predictions 35, 36, 37 , to determine Δ ( ) .
To do so, we insert high quality, single crystals of Sr2RuO4 (Tc = 1.45K) into a dilution-refrigerator-based spectroscopic imaging scanning tunneling microscope (SI-STM), and cleave them in cryogenic ultra-high vacuum at ≲ 1.8 . This typically reveals an atomically flat SrO cleave surface ( Fig. 1a ) although sometimes the RuO2 termination layer occurs 27 . At the SrO termination surfaces used throughout these studies (e.g. Fig. 1a ), the tip-sample differential tunneling conductance ( , ) ≡ / ( , = ) is imaged to visualize scattering interference induced modulations ( , ) ∝ ( , ). In the normal state, ( , )
measurements in the range −20 < < 20 reveal g( , ) ∝ δ ( , ) ( Fig.   2a ) with predominant scattering wavevectors ( ) shown as red and blue arrows.
Quantitative comparison to the known FS ( = 0) wavevectors 21 , reveals that these arise from intraband scattering in both the β-band and the α-band ( Fig. 1b ) (SI Section II). As in previous QPI studies of normal-state Sr2RuO4, the γ-band is virtually undetectable, probably because the dxy character leads to small wavefunction overlap for tunneling into the STM tip 27 . In any case, the -bands are directly identifiable from their normal state scattering interference wavevectors, throughout all the BQPI studies reported below.
To measure Δ ( ), we cool each sample to T=90 mK (SI section III) and typically measure ( , ) ∝ ( , ) on a 128x128 grid in a 20nm field of view.
Typical junction formation parameters for these ( , ) measurements are = 40 ; = 1 , and | | = 0, 100 , 200 , 300 , 400 spanning the maximum superconducting energy gap (SI Section III). The actual electron temperature is manifestly well below ~100eV/3.5kB or ~300mK because these BQPI images are distinct when the DC bias is changed in energy steps of 100 . A representative point spectrum from such a map is shown in Fig. 2c , showing the typical 26, 27 energy gap maximum Δ ≈ 350 . Figure 2d shows a typical measured ( , = 100 ) deep within this superconducting gap. It is highly distinct from the ( , ) measured near EF in the normal state (e.g. Fig. 2a ) or at To aid with interpretation of these ( , ) data, we explore a pedagogical model for Δ( ) having gap zeros along (±1, ±1) on -bands ( Fig. 3a ). In Fig maxima at wavevectors at least ±0.1 rad away from the (0,0) → (±1, ±1) / lines 18, 19, 24, 27 ; or if the energy resolution is insufficient to resolve them, they should exhibit as a broad arc connecting these ( , 0) maxima. As discussed in SI Section V, neither of these signatures has been detected within the available signal to noise ratio. Moreover, in the same models 18, 19, 24, 27 the minimum which occurs on Δ ( ) is typically shallow, whereas the measured minimum on Δ ( ) is deep reaching to within 75 eV of zero ( Fig. 5c ). Therefore, a gap structure for both Δ ( ) and Δ ( ) as shown in Fig. 5d , appears most consistent with our present data.
In this project, we provide the first momentum-resolved spectroscopic measurements of the superconducting gap structure in Sr2RuO4. They reveal eight nodes or deep minima in Δ ( ) and Δ ( ) which occur in close proximity to where the : − bands cross the (0,0) → (±1, ±1) / lines. In light of recent thermal conductivity 9 , Knight shift 10 , current-field reversal 13 split under a crystal-symmetry-breaking field, but that effect is reportedly absent in multiple relevant studies 11, 12, 39, 40, 41, 42 . On the other hand, if time-reversal symmetry is preserved 13 , the BQPI data (Figs 3,4 ) are most consistent with a helical odd-parity order-parameter 18, 19, 24 with symmetry, or an even-parity orderparameter 18, 19, 24 with symmetry. In terms of the detailed k-space structure of Δ ( ) these two cases are distinct. The former exhibits minima but not nodes on the : − bands, their k-space locations are not constrained by crystal symmetry, and the minima on different bands are not necessarily co-aligned in k-space 18, 19 . The latter exhibits true nodes on both the − and − bands, whose k-space locations are constrained precisely by crystal symmetry to lie along the (±1, ±1) directions.
Our BQPI data ( Fig. 4) implies that the four energy-gap minima/nodes of both Δ ( ) and Δ ( ) exist below the energy scale |E|=75eV, and that they occur within an angular distance from the (0,0) → (±1, ±1)π/a k-space lines of approximately ±0.05 rad. Overall, therefore, these observations appear most consistent with a order-parameter symmetry for Sr2RuO4. 
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I) Simulations of Bogoliubov Quasiparticle Interference for Sr 2 RuO 4
In this section, we describe the multi-band Bogoliubov quasiparticle interference (BQPI) simulation techniques used to create pedagogical multiband Δ (k) models for discussion in the context of Sr2RuO4. Previous researchers have considered the quasi-1D α: β bands and the quasi -2D γ bands separately 1 , 2 , 3 , 4 , 5 , 6 and we follow that in our treatment here. We start with a tight binding model. and we take = 100 as used in Ref. 7 . For clarity, we have treated -bands and band in two separate analyses. The Hamiltonian is given as ( ) = ∑ ψ ( ) ( )ψ( ) .
For band model, we choose a basis ψ ( ) = , ,↑ , , ,↑ , , ,↓ , , ,↓ which leads to the form
For -band, we only have a single band which leads to
We used Δ : = Δ ( ) − to simulate a gap with minima along (±1, ±1)
directions and Δ = Δ ( ) + to simulate minima along (1,0); (0, ±1). This choice of directions of nodes is to compare with the existing models in the literature 1, 2, 3, 4, 5, 6 .
The nodes on the : ands are proposed along (±1, ±1) due to the observed incommensurate antiferromagnet fluctuations at (0.6π, 0.6π, 0) 8 .
The unperturbed Green's function is given as ( , ϵ) = (ϵ + δ) − ( ) .
One may consider both intraband and interband scattering for  bands and write down the T-matrix for the  model as:
Where σ denote the Pauli matrices. We take ( , ) = (1.0,1.0) in units of t. The Tmatrix for  model is given as:
The scattering problem for a single impurity at the origin can be solved in first order Born approximation 9 , 10 to calculate the change in density of states as:
The resolution of the momentum-space grid used is critical in the numerical evaluation of δ ( , ). One needs to achieve δ ≪ π / to be able to accurately capture the contribution of constant contours of energy (CCE) resulting from in-gap Bogoliubov quasiparticle states. For our calculations, we used a grid of 8000x8000 pixels for ∈ (π/ , −π/ ). We apply repeated zone scheme to our δ ( , ) image (Fig. S1a) to create a bigger reciprocal space which results in q-space of ∈ (−2π/ , 2π/ ) (Fig. S1b) . We then apply a structure factor ( ) = 2 1 + ( /2) 1 + /2 which reflects fourfold rotationally symmetric electronic structure 11 , whose high-q features cannot be detected by a finite size tip (Fig. S1c ). Finally, we repeatedly apply 4x4 pixel averaging to reduce the resulting 16000x16000 pixels image to produce the final image (Fig. S1d) . 
II) Preferential tunneling to the and -bands of Sr 2 RuO 4
In this section, we describe our analysis of quasiparticle interference data recorded at T=2.1K in a 256x256 grid of pixels from E=-20meV to E=+20meV with junction setup at V=20meV and I=40pA. The integrated density of states at a given height of tip at setup bias and current, leads to the so called "setup effect" 12 , 13 which strongly affects the QPI. To overcome the setup effect, we perform a per-pixel division of the measured ( , = ) map at each E by the current map I(r,E=eVs) measured at setup voltage Vs. The resulting setup corrected image shows vivid QPI as shown in Fig. S3a . We take Fourier transform of these images to discover the scattering wavevectors. Fig. S3b shows such a representative layer at E=20meV. We identify the scattering wavevectors here which we used in our analysis as intraband scattering in -band (shown in red) and interband scattering in -band (shown in blue). The other q-peak denoted with an orange arrow is the interband beta scattering. The rest of the features in Fig. S3b either do not disperse or do not appear at all energies hence are not considered in the analysis. The arrows showing these experimentally observed wavevectors are placed on the Fermi surface in Fig. S3c .
This enables us to extract k-vectors from q-vectors using following relations:
We extract the q-points for these wavevectors as shown in Fig. S2c at each energy layer, get the k-values using eq. S5 and fit a tight binding model as described
To compare our results with other experiments, in Fig. S2d In combination, these observations show that during our studies in which the Sr2RuO4 crystal was terminated by the SrO layer only (Fig. 1a ), tunneling occurs preferentially to the a-and bands, and that these can be distinguished from each other in experimental data. We note that the extended features as seen in Fig. S3b are very different from the features deep within superconducting gap as shown in Fig. S5 , where sharp spots are seen.
III) Imaging Bogoliubov Quasiparticle Interference
To study the Bogoliubov quasiparticle interference (BQPI) in superconducting state, we use our SI-STM at T=90mK to record ( , ) = ( , = )/ at each pixel for multiple energies to generate a real space map of LDOS ( , ). The mixing chamber of dilution fridge is thermalized with the STM head using a custom built thermal short (electrically isolating) which has proved reliable for previous heavy-fermion 17 and SJTM 18 studies. The Cernox thermometer is mounted on the sample stage itself, within about 2 mm of close the sample stud. These careful thermalization and thermometry steps ensure that the sample crystal is indeed measured at 90mK.
We operate in standard constant current mode and at each pixel , we adjust the height with a feedback loop to reach a constant current , at a setup voltage .
Then we turn the feedback off and measure dI/dV spectrum using standard Lock-In techniques by applying a small bias modulation. Figure S4a shows the topography recorded simultaneously while recording the real space LDOS map ( , ) for each pixel. Two impurity atoms in our field of view are circle are highlighted by dashed red circles. Due to interplay of tip height and integration of density of states up to setup voltage, the welldocumented setup effect 12 is unavoidable. In weakly dispersing system, like Sr2RuO4 close to Fermi surface, the setup voltage and current affects the BQPI patterns very significantly.
There are multiple schemes to counter this setup effect 19 . We employ a setup-correction and divide our ( , ) data by the , to reveal Bogoliubov quasiparticle interference.. Figure S4b shows these setup-corrected ( , ) images using an absolute intensity scale, showing how the signal diminishes inside the energy gap. Figure S4c shows measured ( , )/ , using a scale self-normalized for each image, making clearer the spatial variation of tunnel conductance at every energy. shows the colorscale used in all the other BQPI figures in SI and main text. Fig. S5c and S5g contain circles to guide the eye for the features ∶ = 1,2, . .5 as defined in the main text.
From Fig. S5a-d , it can be seen that the features ∶ = 1,2, . .5 really do exist in the data.
and are not resulting from symmetrization or tweaking intensity. Symmetrization and intensity cutoff for contrast adjustment is performed to enhance the clarity of already existing peaks in the BQPI data to produce Fig. 4a-d in the main text.
IV) Angular distance of gap minima/nodes from ( , ) → (± , ± ) Lines
The width of ( , ) features can be analyzed to put an upper limit on how far the deduced minima/nodes are from the k-space symmetry lines along (0,0) → (±1, ±1) / .
In In this section, we compare all features in our ( , ) data deep within the SC gap ( = 100μ ) to the complete simulation for the energy-gaps Δ ( ) and Δ ( ) shown in main-text Fig. 5d . In Fig. S8a we show an overlay of ( , 100 ) data on the simulation ( , 100 ) for the energy-gaps as shown in Fig. 5c . b. Image generated after applying repeated zone scheme to a.
c. Image after applying a structure factor as described in SI section I.
d. Final image generated by repeatedly applying 4 pixel averaging to get 125x125 pixel image (as in the ( , ) measurements) from 16000x16000 pixel image 
